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During embryonic development, cells undergo various changes in gene expression 4 1 (Carter et al., 2003; Hamatani et al., 2004) and signaling pathways (Wang et al., 2004) . with Power SYBR Green Master Mix (Takara, Shiga, Japan), and results were analyzed on a To investigate whether this index was applicable to other cell types, we compared 2 8 5 this ratio among ESCs, neural stem cells (NSCs) and mouse embryonic fibroblasts (MEFs).
8 6
We chose these cell types because ESCs are undifferentiated, NSCs are less specialized, and 2 8 7
MEFs are differentiated. Only ESCs express high levels of Oct4 (Fig. 4b) . Although the in these cell types, the mRNA expression level of the mitochondrial fission-related gene Dnm1l was gradually decreased in NSCs and MEFs (Fig. 4c, 4d) , consistent with the 2 9 1 observed changes in mitochondrial morphology (Fig. 4a) . Next, we applied the Mfn2/Dnm1l 2 9 2 ratio to these cell types, with adjustment to a ratio of 1.0 for ESCs. Interestingly, the adjusted Mfn2/Dnm1L ratios were 1.0, 2.97, and 3.86 in ESCs, NSCs, and MEFs, respectively. Next,
we also confirmed MFN2 and DNM1L protein expression (Fig. 4f) . As expected, the DNM1L 2 9 5 protein expression levels were decreased in NSCs and MEFs, compared with those in ESCs.
9 6
Interestingly, the MFN2 protein expression levels were gradually increased in NSCs and 2 9 7
MEFs. The MFN2/DNM1L protein expression ratios were 0.16, 2.94, and 4.61 in ESCs, 2 9 8
NSCs, and MEFs, respectively. Thus, we concluded that the Mfn2/Dnm1l ratio at the mRNA 2 9 9
and protein expression levels corresponded to the length of mitochondria (Fig. 4e-g ). In this study, we investigated the dynamics of mitochondrial morphology-related 3 0 2 genes, which are responsible for mitochondrial fusion and fission, during the differentiation reported to have a weaker effect on mitochondrial fission than DNM1L in MEFs but not in HeLa (Loson et al., 2013; Otera et al., 2010; Yamamori et al., 2015) possibly due to the shows that the expression pattern of Mfn2 better reflects mitochondrial morphology than that previous study showed that Mfn1 or Mfn2 deficiency results in fragmented mitochondrial 3 2 0 morphology and loss of Mfn2 has more dramatic effects than loss of Mfn1 (Chen et al., 2003) .
Moreover, OPA1, processed for mitochondrial fusion by protease isoenzymes and OMA1, 3 2 2 might not reflect the morphology of mitochondria (Ehses et al., 2009 ). This is because fusion. Only Mfn2 and Dnm1L expression patterns were, as expected, increased and 3 2 5 decreased, respectively. Next, we aimed to identify a special index that gradually increased during ESC 3 2 7 spontaneous differentiation. We found that a gradual increase in the Mfn2/Dnm1L ratio was closely related to mitochondrial elongation during the elapsed time after the differentiation of ESCs. Furthermore, we found that this index could be applied to other cell types, including NSCs and MEFs. More specialized cells showed higher Mfn2/Dnm1L ratios than ESCs. There were some limitations to our research. Firstly, technologies such as High- shapes of mitochondria (Leonard et al., 2015) . This technical method allows the analysis of 3 3 4 the mitochondria by further subdividing the shape of the mitochondria e.g., fragmented, rods, 3 3 5 networks, and large/round. However, the functions of the genes that affect the dynamic of mitochondria have yet to be identified and therefore cannot explain how mitochondria form a 3 3 7 network (Seo et al., 2018) . Therefore, we focused on classifying the mitochondria in just two The fragmentation of mitochondria related to the specific role of cells cannot be limited to differentiation and shape of mitochondria, because of the random differentiation process (i.e., no lineage-specific differentiation). Thus, our findings suggested that this ratio could also be Planning of the Republic of Korea (grant nos. 2016M3A9B6946835 and 2015R15A1009701). performed data analysis. All authors reviewed the manuscript. All methods used in this study were carried out in accordance with animal care and use and Use Committee of Konkuk University. The authors declare that they have no conflict of interest 
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